[1] A seismic wide-angle and refraction experiment was conducted offshore of Nicaragua in the Middle American Trench to investigate the impact of bending-related normal faulting on the seismic properties of the oceanic lithosphere prior to subduction. On the basis of the reflectivity pattern of multichannel seismic reflection (MCS) data it has been suggested that bending-related faulting facilitates hydration and serpentinization of the incoming oceanic lithosphere. Seismic wide-angle and refraction data were collected along a transect which extends from the outer rise region not yet affected by subduction into the trench northwest of the Nicoya Peninsula, where multibeam bathymetric data show prominent normal faults on the seaward trench slope. A tomographic joint inversion of seismic refraction and wide-angle reflection data yield anomalously low seismic P wave velocities in the crust and uppermost mantle seaward of the trench axis. Crustal velocities are reduced by 0.2-0.5 km s À1 compared to normal mature oceanic crust. Seismic velocities of the uppermost mantle are 7.6-7.8 km s À1 and hence 5-7% lower than the typical velocity of mantle peridotite. These systematic changes in P wave velocity from the outer rise toward the trench axis indicate an evolutionary process in the subducting slab consistent with percolation of seawater through the faulted and fractured lithosphere and serpentinization of mantle peridotites. If hydration is indeed affecting the seismic properties of the mantle, serpentinization might be reaching 12-17% in the uppermost 3-4 km of the mantle, depending on the unknown degree of fracturing and its impact on the elastic properties of the subducting lithosphere.
Introduction
[2] The understanding of the Earth's water cycle is inherently linked to the subduction of water at subducting plate boundaries. The transfer of water into the deep Earth's interior is related to the alteration and hydration of the incoming lithosphere. The release of water from subducting lithospheres affects the composition of the mantle wedge, enhances partial melting and triggers intermediate-depth earthquakes. Water is transferred with the incoming plate into the subduction zone as water trapped in sediments and void spaces in the igneous crust and as chemically bound water in hydrous minerals in sediments and oceanic crust [e.g., Staudigel et al., 1996; Jarrad, 2003] . However, if water reaches upper mantle rocks prior to subduction, significant amounts can be transferred into the deep subduction zone as water-bearing mineral serpentine [Phipps Morgan, 2001; Peacock, 2001 Peacock, , 2004 . Serpentinites have nearly the same chemical composition as mantle peridotite except that they contain approximately 13 wt % water in mineral structures and are less dense.
[3] The mechanism by which dehydration reactions trigger intermediate-depth earthquakes is based upon a pore pressure increase that reduces effective normal stress and hence can promote seismic rupture [Raleigh and Paterson, 1965; Meade and Jeanloz, 1991] . Serpentinized mantle generally dehydrates at higher temperature and pressure than sediment and hydrothermally altered crust. The most stable serpentine mineral antigorite dewaters progressively down to approximately 200 km depth, suggesting that serpentines may be the primary agent to deliver water into the mantle.
[4] Outer rise earthquakes have been attributed to plate bending tensional stresses [Chapple and Forsyth, 1979] . The bending of the plate is associated with tension in the upper $20 km [Christensen and Ruff, 1983; Lefeldt and Grevemeyer, 2008] . Bathymetric observations of abundant faults on the seaward side of the trench axis [e.g., Masson, 1991; Dmowska et al., 1996; Kobayashi et al., 1998] suggest that plate bending and normal faulting are inherently related. In addition, multichannel seismic reflection (MCS) data indicate that a number of these faults cut through the crust into the uppermost mantle [Ranero et al., 2003; Grevemeyer et al., 2005] . Large amounts of seawater may percolate through these faults into the oceanic lithosphere and change its chemical composition and mechanical and seismic properties. It has been suggested that most of the hydration by this mechanism occurs at the outer rise [e.g., Ranero et al., 2003; Peacock, 2001 Peacock, , 2004 , where seismological studies suggest that faults cut >20 km into the lithosphere [Kanamori, 1971; Christensen and Ruff, 1988; Hasegawa et al., 1994; Lefeldt and Grevemeyer, 2008] , providing potential pathways for seawater to infiltrate and react with the underlying mantle. However, so far evidence from seismic studies for an impact of serpentinization on the seismic properties has only been found within tectonically dominated ultraslow spreading crust [Osler and Louden, 1995; Grevemeyer et al., 1997] . However, seismic wideangle and refraction data recently collected offshore Nicaragua , where Ranero et al. [2003] imaged faults that cut up to 20 km into the mantle suggest that seismic velocity in the uppermost mantle are anomalously low (<7.7 km s À1 ). Existing data sets, however, cover only the area trenchward of the outer rise bulge and hence fail to show that crust cutting faults and low mantle velocities are related to an evolutionary process caused by bending-related faulting as the plate approaches the deep sea trench. Thus, the observed features may have been inherited at the spreading center.
[5] In order to determine whether low velocities in the mantle are indeed caused by processes related to the plate bending and faulting prior to subduction, additional data were collected offshore of Nicaragua aboard of the German research vessel Sonne. Our profile P50 extends from the trench axis into the area seaward of the outer rise, where the lithosphere is still not affected by bending-related stresses and hence faulting. Results of this experiment presented here document that the crust and upper mantle rocks of the subducting Cocos plate, formed $24 Ma ago at the fast spreading East Pacific Rise, undergo an extensive alteration (perhaps hydration) prior to subduction due to plate bending and plate faulting.
Tectonic Settings
[6] The study area is located offshore of Nicaragua seaward of the Middle American Trench, where the Cocos plate, formed at the fast spreading East Pacific Rise to the west and the Cocos Nazca Spreading Center to the south, subducts beneath the Caribbean plate, dragging down crustal material and sediments (Figure 1 ). Off Nicaragua, the Cocos slab subducts with a rate of about 91 mm a À1 [DeMets et al., 1990] in a northeasterly direction. The dip of the Benioff zone, obtained from teleseismic [Burbach et al., 1984] and local network [Protti et al., 1994] seismic data, ranges from 25°in the seismogenic zone to 84°between 100 and 220 km depth. Before entering the trench, the incoming plate, which was formed roughly 24 Ma ago at the East Pacific Rise, is pervasively normal faulted with offsets of up to 100 -500 m and length of 10-50 km Ranero et al., 2003] . Offshore of Nicaragua, faulting and fault growth between the outer rise and the trench generate a prominent stair-like seafloor relief prior to subduction (Figure 1 ). Normal faults are poorly developed or absent seaward of the outer bulge apparently forming as the plate approaches the trench. The area of normal faulting on the subducting plate off Nicaragua shows a system of half grabens bordered by faults parallel to the trench, progressing downward into the trench as the Cocos plate subducts. Deep-tow video observations show that normal faults often expose basement; heat flow data suggest that these exposed faults govern a hydrothermal circulation system in the incoming plate [Grevemeyer et al., 2005] . In addition, seamounts off Nicoya Peninsula seem to control the thermal state of the incoming plate and mine heat from the Cocos plate [Fisher et al., 2003] . Multichannel seismic reflection (MCS) data acquired offshore of Nicaragua [Ranero et al., 2003] suggest that some normal faults may cut through the entire crust of the incoming plate, reaching several kilometers into the upper mantle and hence may facilitate migration of seawater down to the upper mantle.
Data and Methodology
[7] The data used in this study consist of ocean bottom hydrophone data from a wide-angle profile acquired in 2003 aboard the German R/V Sonne (Figure 1 ). The working area of the cruise was located at the Pacific continental margin off Costa Rica and Nicaragua. The profile P50 was shot with three 32 Liter BOLT Inc. air guns, providing a total volume of 96 L, and the air guns were operated at a pressure of 150 bar. A shot interval of 60 s and a speed of 3.5 knots gave an average shot spacing of 100 m. The seismic data were recorded by 12 ocean bottom hydrophones (OBH) [Flueh and Bialas, 1996] and 5 ocean bottom seismometers (OBS) [Bialas and Flueh, 1999] . P50 is 140 km long and extends from seaward of the outer rise into the trench northwest of the Nicoya Peninsula. This location was chosen because it covers the area of significant bending and as a consequence normal faults are abundant in swath mapping bathymetric data [e.g., Ranero et al., 2003] . In addition, a major portion of the profile is coincident with the MCS line NIC20 (Figure 2a ) shot in the year 2000 with the multichannel seismic equipment of Lamont-Doherty Earth Observatory's seismic vessel Maurice Ewing. The seismic MCS data imaged the sedimentary blanket and oceanic crust, including a prominent Moho reflection at $1.8 s below basement (Figure 2b) . Unfortunately, the rough seafloor and basement topography scatters seismic energy where plate bending and normal faulting is most prominent [Berhorst, 2006] . Therefore, Moho and faults cutting through the crust into the mantle could not be imaged within $20 km of the trench axis. In addition, NIC20 provides seismic refraction data from the trench and the continental slope. Three stations from NIC20 (OBH01, OBH02 and OBH03) in the trench and on the lower continental slope were included into the data inversion procedure. The record sections obtained at selected OBHs are shown in Figure 3 .
[8] Most refraction surveys with this objective are interpreted relative to the average structure of oceanic crust as defined by White et al. [1992] . However, it is known that the oceanic crust in the east Pacific Ocean is generally much thinner than the 6.48 ± 0.75 km thickness given by White et al. [1992] for crust younger than 30 Ma [e.g., Collins et al., 1989; Grevemeyer et al., 1998; Walther et al., 2000] . Therefore, we based our one-dimensional reference velocity model on the structure of crust studied during the presite survey work of Ocean Drilling Program (ODP) Leg 206 in the Guatemala Basin westward of Nicaragua [Wilson et al., 2003] . In this one-dimensional model, upper crustal velocities are 4.5 -5 km s
À1
. The transition to lower crust is at $1.5 km below the basement. Lower crustal velocities are between 6.8 and 7.1 km s
. Total crustal thickness is $5 -5.5 km. Upper mantle peridotite velocity is 8.2 km s À1 .
[9] A two-dimensional velocity model along the profile was calculated using the joint refraction and reflection inversion of Korenaga et al. [2000] , which solves for the seismic velocity field and the depth of a reflecting interface. The forward problem is solved by a hybrid method based on shortest path [e.g., Moser, 1991] and ray-bending [e.g., Moser et al., 1992] methods, and the inverse problem uses a sparse least squares method [Paige and Saunders, 1982] to solve a regularized linear system. We applied this method in a layer-stripping approach, where the appropriate phases are used to constrain the shallow structure first and then to progressively constrain the deeper layers. A total of 3596 Pg, 1894 PmP and 1747 Pn phases were hand-picked from 19 instruments (16 P50, 3 NIC20). A low ambient noise level and the good quality of waveforms made picking of the first breaks relatively straightforward. Upper crustal arrivals could be picked to ±12 ms, or better. However, for larger offsets signal-to-noise ratio decreases. Uncertainties as large as ±90 ms have been assigned to some Pn and PmP arrivals.
[10] The two-dimensional velocity field is parameterized by a grid of nodes hanging from the seafloor topography with 0.5 km lateral nodal spacing and variable vertical nodal (0.05 km within the upper 2 km and increasing to 0.4 km at the bottom). The Moho is parameterized as a floating reflector with nodes every 1 km with one degree of freedom in the vertical direction. We applied smoothing constraints IVANDIC ET AL.: IMPACT OF BENDING RELATED FAULTING on both velocity and depth perturbations using predefined correlation lengths in order to stabilize the inversion. In addition, damping constraints for velocity and depth are added to the regularized linear system. A detailed description of the method and parameters is given elsewhere [Korenaga et al., 2000] . The model is 135 km long and 20 km deep. For the horizontal correlation lengths we used values varying from 4 at the top to 10 at the bottom, and vertical correlation lengths vary from 0.1 km at the top to 3 km at the bottom. Also, the depth sensitivity is weighted by a depth kernel weighting parameter (w). For the inversion of Pg and PmP phases we used w = 1, which allows the same perturbations for both velocity and depth, and for the final inversion step, where all the phases were included, this parameter had a value of 0.1, allowing more perturbations for the velocity than for the depth. The RMS travel time misfit obtained for the final model is 50 ms [c 2 = 0.99], significantly reducing the initial misfit of 143 ms.
Seismic Structure
[11] The structure of the subducting oceanic lithosphere is resolved by intracrustal refractions (Pg), Moho reflections (PmP), and upper mantle refractions (Pn). The resultant two-dimensional velocity model (Figure 4a ) reveals systematic changes in seismic properties of the lithosphere affected by plate flexure and faulting. No refracted phase from the sediment is observed, but seismic reflection data from NIC20 provide information on sediment thickness. The thin sediment cover has an average thickness of approximately 500 m with velocities ranging from 1.7 up to 1.8 -1.85 km s
À1
. The oceanic crust is typically divided ), and a thicker lower crust (layer 3) which is distinguished from layer 2 by both a higher P wave velocity and a much smaller vertical velocity gradient (0.1-0.2 km s À1 km
). In the outer rise region no significant lateral changes are found within the crust and uppermost mantle. Upper crustal velocities increase from 4.4 to 4.5 km s À1 at the top of the basement to 6.0-6.2 km s À1 at the bottom of layer 2, which is found at a depth of $1.5 km below the basement uniformly along the whole profile. These velocities have been commonly attributed to normal mature oceanic upper crust [Grevemeyer et al., 1998 [Grevemeyer et al., , 1999 Carlson, 1998 ] and would correspond to a layer mainly composed of extrusive basalts and underlying sheeted dikes. Lower crustal velocities increase steadily from 6.5 to 6.7 km s À1 at the top to 7.0 -7.1 km s À1 at the crust-mantle boundary, suggesting a crust of gabbroic composition [e.g., White et al., 1992] . Strong wide-angle reflections from the Moho indicate a uniform crustal thickness of $5.5 km along the profile, confirming the results from the MCS survey. Below the Moho, in the uppermost mantle, we find a typical velocity of unaltered olivine-rich peridotites of 8.1 -8.2 km s À1 .
[12] Toward the trench, however, crustal and upper mantle velocities are reduced compared to velocities expected for $24 Ma old mature oceanic lithosphere [e.g., White et al., 1992; Carlson, 1998; Grevemeyer and Bartetzko, 2004] , indicating a change in rock properties. Figure 4b shows the velocity reduction found in the subducting crust and upper mantle. Upper crustal velocities in layer 2 decrease to 4.1-4.3 km s À1 at the top and <6 km s À1 at the base. In the near-trench region velocities of the lower crustal rocks are reduced to 6.2-6.4 km s À1 at the top to $6.6-6.9 km s À1 and the bottom of layer 3. Two possible mechanisms may explain the observations: (1) fracture porosity has been increased, and/or (2) crustal rocks have been hydrated. However, the most prominent feature of the seismic velocity model is an extensive zone of reduced velocity in the uppermost mantle in the near-trench region. Changes in seismic structure start at $60 km distance from the trench; the anomaly reaches its largest amplitude and extent near the trench axis. The velocity just below the Moho boundary is reduced to 7.6 -7.8 km s
, what is 5 -7% lower than the $8.1 -8.2 km s À1 found seaward of the outer rise region, perhaps indicating partially hydrated mantle associated with bending-related faulting . Figure 4c shows velocity-depth profiles extracted at selected locations in the outer-rise and near-trench region, indicating a change in the seismic structure as the plate approaches the trench.
Resolution and Sensitivity Test
[13] The derivative weight sum (DWS) value is a measure of the ray density near a grid point [Toomey and Foulger, Figure 5b shows the DWS for all the phases used to construct the final velocity model.
[14] In order to estimate the uncertainties of the final model we applied Monte Carlo analysis [e.g., Korenaga et al., 2000] . The uncertainty of a nonlinear inversion can be expressed in terms of the posterior model covariance matrix [e.g., Tarantola, 1987] , which can be approximated by the standard deviation of a large number of Monte Carlo realizations assuming that all the realizations have the same probability [e.g., Tarantola, 1987] . A set of 10 initial models is constructed by randomly perturbing the velocity of the crustal and upper mantle nodes (±0.3 km s
À1
) of our reference model. We also generated 10 different data sets by adding random phase gradient errors (±0.50 ms) and common receiver noise (±0.30 ms) to the initial data set [Zhang and Toksö z, 1998 ]. We obtained 100 Monte Carlo realizations by inverting all the combinations of the 10 initial velocity models with the 10 observation vectors, using the same model parameterization as in the final solution. All of the Monte Carlo inversions converged in less then 6 iterations to c 2 $ 1, where the model error is equal to the data uncertainty. The standard deviation of the velocity is found to be lower than 0.1 km s À1 in the upper and lower crust and lower than 0.05 km s À1 in the major part of the upper mantle (Figure 5c ).
[15] The results of tomographic inversion may depend on the structure of the reference model. In our case the reference model turned out to be representative of the westernmost section of the seismic profile. To examine the robustness of the results, we chose a reference or starting model that was characterized by velocities reduced relative to the first starting model. With respect to the first approach, this model contained reduced velocities of À4% in the crustal layer and À7% just below Moho in the upper mantle. The RMS travel time misfit using this starting model is 160 ms (c 2 = 7.66), and for the final model (after five iterations) (Figure 6 ) it is 50 ms (c 2 = 1.01). The velocities seaward of the outer rise region were considerably increased already after the first iteration and yielded after five iterations average crustal and upper mantle values. The reduced velocities given in the starting model retained their values in the vicinity of the trench, where the plate is highly affected by the bending stresses. The similarity between this result and our final model confirms the robustness of the resolved features.
[16] Additionally, a series of resolution tests was conducted in order to assess the resolving power of our data set. Synthetic models are constructed using the final velocity model with and without ±5% Gaussian anomalies of different sizes placed at various depths (Figure 7a ). Synthetic noise with RMS amplitude of 0.05 s is added to the synthetic travel times obtained from the perturbed velocity model to simulate the addition of actual travel time variation. Both data sets, with and without perturbations, were inverted using the same inversion parameters as the actual model inversions. In the end, the inverted model without perturbations was subtracted from the inverted model with perturbations to yield the final output. After 3 iterations a good resolution was obtained. The velocity anomalies are reasonably well recovered, both in size and amplitude. The ray coverage of our data set is sufficient to resolve features in the uppermost mantle up to $4 km below Moho, indicating that a region of reduced velocities within the upper mantle can be resolved. The total depth extent of that anomaly, however, could not be sampled. Owing to the high density of Pg rays, the reconstructed anomalies within the crust are remarkably well resolved with the same lateral extent as the original ones (Figure 7b ). The weaker amplitude and vertical and lateral smearings of some of the anomalies in the upper mantle and at the Moho are related to the lower ray coverage at these depths. The degree of recovery is also sensitive to the model parameters used to conduct the inversion.
Discussion
[17] Application of the seismic tomography method to the Middle America subduction zone, offshore of Nicaragua, reveals new structural details within the subducting oceanic slab. The most significant feature of the tomographic image is an extensive zone of reduced velocities in the crust and upper mantle in the near-trench region, indicating changes of the physical properties consistent with hydration of the subducting oceanic slab, produced after fracturing caused by bending of the subducting slab and perhaps percolation of seawater along the outer rise faults. The systematic change from normal oceanic crust seaward of the outer rise toward reduced velocities in crust and upper mantle indicates that we are observing an evolutionary process. Previous data sets failed to show this characteristic .
[18] A detailed study of the relationship between bendingrelated faulting at trenches and intermediate-depth seismicity along segments of Middle America and Chile trenches shows that the distribution of nodal planes of the intermediate-depth events are remarkably similar to the orientation and dip of the bend faults, for each segment of the study area, and therefore supports the model where the outer rise Figure 6 . Result of tomographic inversion along profile p50 using a starting model with velocities well reduced compared to the first starting model.
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IVANDIC ET AL.: IMPACT OF BENDING RELATED FAULTING faults are reactivated at depth . The depth down to which the faults cut into the crust or mantle is poorly known, because the centroid depth of earthquakes is difficult to determine for shallow events occurring below the oceans [e.g., Yoshida et al., 1992] , though detailed waveform inspection of Central American trench-outer rise earthquakes suggests that events of M > 6 cut $15 km into the mantle [Lefeldt and Grevemeyer, 2008] . That coincides with the multichannel seismic reflection images acquired offshore of Nicaragua, which show a pervasive set of trenchward dipping features that cross the crust and extend into the mantle to depths of $20 km below the seafloor [Ranero et al., 2003] . Additionally, the same images show that the number of faults and their offsets increase toward the trench axis, which is in agreement with our model, where we find an increase in amplitude and extent of the velocity anomalies as one approaches from the outer rise to the trench. Heat flow data from the Nicaragua trench suggest that faulting of the trench-ocean slope reactivates a vigorous hydrothermal circulation system in the incoming plate. Heat flow decreases toward the trench and hence indicates that seawater mines heat [Grevemeyer et al., 2005] . Interfingering between an upper crustal hydrothermal circulation system and faults cutting down to mantle depth may facilitate migration of seawater along the fault to reach and hydrate the uppermost mantle.
[19] Reduced crustal velocities at the trench can be explained by both hydrothermal alteration and the effect of crustal cracks and fissures on seismic velocity. An increase in fracture porosity just by a few percent may have a significant impact on the seismic velocity structure of the crust. The Kuster and Toksöz [1974] model for cracks with varying pore geometry was used by Wilkens et al. [1991] to study the evolutionary effect of hydrothermal circulation through the flanks of mid-ocean ridge on the seismic properties of the crust. They have investigated basalt velocity-porosity relationships for a wide range of pore sizes. Their efforts concentrated on how seismic velocities can change by the presence of cracks. Their model suggested a pore space modification with crustal age, where low aspect ratio pore spaces (small and thin cracks) are bridged first and then large aspect ratio voids (wider cracks). In this way seismic velocities can easily be increased with a small reduction of effective porosity, because of the control that thin cracks have on velocity. It is likely that plate bending increases the fracture porosity. Because of the geometry of normal faults, it might be reasonable to hypothesize that bending causes low aspect ratio cracks in crust and mantle. Small changes in fracture Figure 7 . Results of the resolution tests for (a) crustal and (b -c) near Moho depths. Velocity anomalies of À5% to 5% in the synthetic models are given with respect to the final velocity model (Figure 4a ). porosity may therefore explain reduced velocities. However, open cracks and faults in the crust will certainly facilitate fluid migration. Both mechanisms, fracturing and hydration, are therefore related to each other and it might be difficult to separate their effects on seismic properties.
[20] The water content of the lower oceanic crust is, therefore, difficult to constrain. Some estimates have been made for chemically bound water based on the modal mineralogy and seismic properties of oceanic diabase and gabbro samples [Carlson, 2003; Carlson and Miller, 2004] . Their analysis shows that the H 2 O content of diabase dike rocks ranges from 1 to 3%, with an average of 1.5%; gabbros that have velocities typical of the lower oceanic crust (6.7-7.0 km s À1 ) contain 0.2 to 0.7% H 2 O, with a mean near 0.5%.
[21] Anomalously low velocities of the uppermost mantle rocks of 7.6 -7.8 km s À1 (Figure 8 ) reveal extensive alteration due to percolation of seawater and serpentinization of mantle peridotite. On the basis of the model developed by Carlson and Miller [2003] that relates the degree of serpentinization and water content of partially serpentinized peridotites to their seismic P wave velocities, we estimate that the water stored in this region may range from 1.55 to 2.17 wt %, corresponding to a 12 -17% increase in serpentine content. Considering the effects of fracture porosity, this number is an upper bound on the water content of a hydrated mantle.
[22] Offshore of south central Chile, P wave velocity of the subducting uppermost mantle is found to be reduced to $7.8 km s À1 ($9% serpentinization) [Contreras-Reyes et al., 2007] . The lower anomaly here, compared to the estimates for our study area, or for the Nazca plate at the north Chile trench ($17% serpentinization) [Ranero and Sallarès, 2004] , is most likely due to the much thicker sediment cover ($2 km). Contreras-Reyes et al. [2007] speculate that hydration in a sedimented trench is caused by fluid inflow through basement outcrops, like seamounts, in the outer rise area that penetrate the thick sediment blanket. However, the water/rock ratio will be much lower and hence we would expect a lower degree of hydration.
[23] A high water content in the subducting lithosphere off Nicaragua is consistent with the measurements of water concentration in olivine-hosted melt inclusions along the Central American arc. Roggensack et al. [1997] have found very high water concentrations in mafic melt inclusions at Cerro Negro Volcano in Nicaragua (>6 wt %), the highest in any basaltic liquid on the planet. Central American arc volcanism shows strong regional trends in lava chemistry, which reflects different slab contributions to arc melting. The Nicaraguan volcanic arc has one of the highest concentrations of geochemical tracers for oceanic crustal fluid (e.g., boron). It has been proposed that the stronger slab signal in Nicaraguan, compared to Costa Rican arc lavas, reflects greater amounts of fluid released from the dehydra- tion of a more extensively serpentinized slab mantle [Rüpke et al., 2002] . It should be noted that the Nicaraguan slab, relative to the other Pacific slabs, enters the trench at a very steep angle, which might induce deeper fracture in the slab to account for the high fluid fluxes from the oceanic crust [Kirby, 1995; Patino et al., 2000] .
Conclusions
[24] A tomographic joint inversion of seismic refraction and wide-angle reflection data collected offshore of Nicaragua yields anomalously low seismic P wave velocities in the crust and uppermost mantle of the subducting Cocos plate. Seismic velocities of the subducting lithosphere change systematically from seaward of the outer rise toward the trench, indicating an evolutionary process.
[25] Seaward of the outer rise, where the plate is still not affected by the bending stresses, velocities in the crust and upper mantle are typical for mature unaltered oceanic lithosphere. However, as the plate approaches the trench, velocities decrease and the low-anomaly zone increases both in extent and amplitude. This velocity trend coincides with the multichannel seismic reflection (MCS) data acquired offshore of Nicaragua, which shows an increase in the number of bending-related normal faults and their offsets toward the trench axis.
[26] Reduced crustal and upper mantle velocities at the trench are most likely caused by both hydrothermal alteration and an increase in fracture porosity.
[27] In the vicinity of the trench axis upper mantle velocities are in the range 7.6 -7.8 km
À1
, which is 5 -7% lower than the $8.1 -8.2 km À1 found seaward of the outer rise. The impact of the fractures on the velocity structure could be significant, but difficult to constrain. Thus, an estimate of 12-17% increase in serpentine content in the uppermost 3 -4 km of the mantle represents only an upper bound on the degree of hydration.
[28] The anomalously low-velocity zone within the Cocos oceanic lithosphere at the trench offshore of Nicaragua supports the idea that pervasive bending-related normal faulting of a subducting slab creates pathways for seawater to reach and react with cold mantle rocks producing serpentine, implying that deep and widespread hydration (serpentinization) of incoming lithosphere can occur when lithosphere is strongly faulted; thus, the subduction water cycle is closely related to the crustal structure and hydration of the incoming plate.
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